We determine the allowed structures for orientationally ordered icosahedral molecules on a fcc lattice such that there are four molecules per simple-cubic unit cell. The allowed space groups are Pm3, Pn3, and Pa3. In the latter two, an angle of rotation assumes a value not fixed by symmetry. The locations of all 240 atoms in the unit cell as deduced from the powder x-ray data of Heiney et al. are tabulated. We discuss a number of minima in the free energy which correspond to the observed Pa3 structure of solid C 60 . We introduce orientational order parameters which lead to a Landau free energy, from which we predict that the orientational transition is discontinuous. We determine the allowed structures for orientationally ordered icosahedral molecules on a fcc lattice such that there are four molecules per simple-cubic unit cell. The allowed space groups are Pm 3, Pn3, and Pa 3. In the latter two, an angle of rotation assumes a value not fixed by symmetry. The locations of all 240 atoms in the unit cell as deduced from the powder x-ray data of Heiney et al. are tabulated. We discuss a number of minima in the free energy which correspond to the observed Pa 3 structure of solid C60. We introduce orientational order parameters which lead to a Landau free energy, from which we predict that the orientational transition is discontinuous.
I. INTRODUCTION The C60 fullerene molecule' has an interesting structure, whose symmetry is well described by a truncated
icosahedron. An icosahedron is a regular solid with 12 vertices, 20 equilateral-triangular faces, and 30 edges of equal length which has twofold, threefold, and fivefold axes of symmetry. A convenient representation of an icosahedron inscribed in a cube is shown in Fig. 1 structural questions arose which we will address in the present paper. In addition, due to the brief nature of Ref.
8 (and 9), sufficient details were not actually given to specify completely the structural parameters of the orientationally ordered phase. We give these structural parameters in Table V .
The first, and most obvious, question is what orientationally ordered structures are consistent with the cubic symmetry implied by the fact that the diffraction peaks can be indexed according to a simple-cubic unit ce11? As mentioned above we will assume that the centers of mass of the C60 molecules form an fcc lattice. To see that the ron. Here we show the icosahedron when it has mirror planes perpendicular to the three ( 100) directions. In this orientation, six of its edges lie in planes parallel to the mirror planes, so that when the icosahedron is circumscribed by a minimal cube, these edges lie in the cube faces, as shown. A fivefold axis passes through each vertex. Each (1,1, 1) direction is a threefold axis.
We will refer to these two settings as setting 1 (on the left) and setting 2 (on the right). No. 195 (P23, T') , No. 198 (P2&3, T ) (100) directions. So the icosahedron at (a /2, a /2, 0) can be put in one of the settings shown in Fig. 1 . But then, the settings of the icosahedra on the two other c sites are completely determined by the fact that a threefold axis passes through the origin. (Notice that we had to use the fact that the molecule being oriented has high enough symmetry so that rotation through 120' about any of the four threefold axes yields the same result. ) So we can arbitrarily assign ei- Table I into that in Table II is a reQection through a t 110I plane. However, this transformation is not a proper one. We identify the proper operation P to be an inversion followed by a reflection through a 1 110I plane. This is equivalent to a rotation of 180' about Tables I and II, it is easy to see that these ten points generate four identically oriented molecules, the jth column in Tables I and II giving the six image points in the molecule j associated with each one of the ten r s.
The above prescription gives the coordinates of all the atoms in the unit cell when each molecule has mirror planes perpendicular to the (100) directions in orientation 1 of Fig. 1 . Accordingly, to obtain the actual structure of C6p we need to rotate the molecules through an angle P about their local threefold axis. This we do by 
Thus for structure A
where the subscript A emphasizes that f is the structure factor of the molecule at the origin in the A structure.
Because the [111] direction is a threefold axis, it satisfies
It is clear that if we displace the crystal so that the molecule previously at the origin now occupies another site in the unit cell, the structure factor suffers only a phase change, involving a product of o's, which will not affect the observable quantity~F&(k)~.
Similarly for structure B, we have the structure factor
It should be obvious that if structure A is realized in one experiment, then structure B will be realized in some other experiment. The relation between these structures implies that fs(k"k, k, )=f"(k,k",k, ) .
Substituting this into Eq. (3.9) we see that Since the orientational ordering transition is expected to be a first-order one, ' it may be difficult to prevent nucleation of the ordered phase at different locations with the concomitant creation of a multidomain sample.
Perhaps an inhomogeneous cooling process could be used to create a monodomain from a single "seed" location whose temperature is colder than that of the crystal as a whole.
IV. NUMBER OF EQUIVALENT STATES
In this section we count the number of symrnetryrelated minima in the free energy for the Pa3 structure. First of all, as in solid Hz, there are eight ways to assign the local (111) directions to the four sites in the unit cell. ' ' To see this, note that there are four ways to assign a given molecule to the origin with a threefold axis along (111). The additional factor of 2 in the degeneracy comes from the fact that there are two independent ways one can choose the threefold axis for one of the other sites in the unit cell. This choice corresponds to choosing either the structure of Table I or the structure   of Table II . After this choice the orientations of the threefold axes for the other molecules in the unit cell are fixed by the threefold axis of symmetry which passes through the origin. Here we have to see whether or not the fact that there are two "standard" initial configurations of the icosahedra and the possibility of rotating either through an angle P or -P leads to further degeneracy.
We now discuss the symmetry operations in terms of these structural parameters.
Let~Q , X,n ) denote the crystal one obtains when one starts with the icosahedron at the origin in "standard" orientation n (n =1 or 2) and rotates through an angle P about the local axes posi- Table I into that of Table II providing one interchanges the parameters x; and z;. Thus o ",~P, A, 1 ) is a structure of type B with structural parameters x, =z, (P), y, =y, (P), z, =x, (P), etc. But x, (P) =z2( -P), z)($)=x2( -(t)) . Now we address the question of how two structures with opposite signs of P differ, it at all. Intuitively, it might seem that changing the sign of ()) leads to an equivalent structure. This is not so. Orientation 2 of Fig. 1 corresponds to /=120' -$0=44. 5' and has the same set of r s as orientation 1 (/=0'). Note that there is no symmetry about P =0 or about P = P*= -, ' (120' -$0) =22'.
V. LANDAU THEORY Now we make some observations about the form of Landau theory to describe the orientational ordering into the Pa 3 structure. Basically, the discussion' is an extension of that given by Cullen et al. ' '= g P6(cos8;r. ) 4m, TABLE IV. Order parameters Co '0' '(I) for the molecules in the unit cell for structure A, calculated from the structural parameters given in Table V . These structural parameters are based on the NMR work (Ref. 4) for bond lengths, and the x-ray diffraction work (Ref. 8) for the angle P specifying the orientation of the molecules in the unit cell. '- 
We are mainly interested in the amplitudes at the nonzero wave vectors: they are the quasicritical ones. ', -, ', 0) , ( -, ', 0, -, ') , and (0, -, ', -, ') (100) T(l, m, n ) = -, 35)+m+n, p X g 5"+"+ pC (6, 6, 6; l, m 
X g C(6, 6, 6;)tt, v)S"'S"*S To evaluate Kz we use C(6, 6, 6;0,0) =20l&(11)(17) (19) and
